The effect of temperature on the electrophoretic chiral separation of ibuprofen with b-CD was investigated. Background electrolytes with sodium acetate or formate were chosen because of their constant pK within 0.03 units in the temperature 
Introduction
ent paper focuses on the chiral separation of ibuprofen, using b-cyclodextrin as chiral selector. The The effect of temperature on electrophoretic sepainteraction model uses pK values and mobilities of rations is well known because it influences, in analytes and analyte-CD complexes and the formaprinciple, many of the parameters, variables and tion constants of these complexes, such as previously constants involved in the separation, such as modescribed in the literature [4] . In that reference, the bilities and pK values of both analyte and buffer ions interaction between ibuprofen and b-cyclodextrin [1] [2] [3] . In chiral separations in CE, several additional was determined under the condition of 100 mM ionic formation constants between analyte and chiral selecstrength and 378C. The present paper focuses on the tor, and their temperature dependence are involved chiral separation of ibuprofen, using b-CD as chiral as well. Detailed knowledge of the magnitude of selector at 10 mM ionic strength and as a function of these effects will lead to a better understanding. As a temperature. Resulting stability constants were fitted result, temperature may in some instances be also into van't Hoff plots and the corresponding thermoused as a tool for fine-tuning resolution, provided dynamic properties, DH and DS were calculated. that the separation compartment can be sufficiently thermostated in order to ensure a homogeneous temperature throughout the analysis time. The pres- relation can be quite useful but not necessarily valid and 378C [4] , or 5.10 at zero ionic strength and 258C at higher pH values or in other buffer systems, [5] . No temperature dependence of pK ibuprofen was especially at different ionic strengths.
found in the literature. [4] , the interaction involved is desionoselective (type I), so that no resolution is expected under these conditions. In from the fit are listed in Table 2 . As can be seen, m 0 values obtained here are systematically different from those measured without CD in the pH range 3-5. The latter values were obtained through extrapolation of the data in Fig. 1 , the former were directly measured at C 50. For this reason it was s decided to use the m values in Table 2 for sub-0 sequent calculations. The mobilities of the ibuprofen-b-CD complex range around half of the value of the free analyte, slightly increasing at elevated temperatures. The K values, listed in Table   2 Fig mM [4] . Table 2 The effect of temperature on the chiral interaction parameters between ibuprofen and b-CD at ionic strength 10.0 mmol / l Table 2 . Comparison with always the case for b-CD interactions [8] , the data literature values at 378C [4] indicate that our values was processed under this assumption. The results are for K are higher, as was the case with K .
shown in Fig. 4 . The negative sign of DH indicates a 1 2 decrease of enthalpy, due to the release of high energy water out of the cyclodextrin cavity. The 3.6. The effect of temperature in selectivity negative sign of DS indicates a decrease of entropy, due to complex formation, which consequently reThe formation constants between the non-charged sults in a decrease of the degree of freedom of the ibuprofen and b-CD are high and unequal for both components involved in the interaction. As expected, optical isomers [4] , so we have a desionoselective the dominant force for analyte binding arises from interaction. In order to obtain chiral resolution, enthalpy changes (uDHu¯2xuTDSu). The same was electroosmosis was suppressed by working in a concluded in Ref. [10] . From our results, it was not coated capillary with negative voltage [4] . In that possible to assign enantioselectivity to either DDH or case, there is no EOF marker for use as mobility DDS since the error in both DH and DS is higher reference. Therefore, we calculated the residual than DDH or DDS. electroosmotic mobility from the average experimenProbably the main source of sytematic errors tal migration time and the average effective mobility arises from the temperature difference between the of ibuprofen, calculated from the data in Table 2 .
non-thermostated part (first 4 cm.) and the thermoUsing this information, we then calculated individual values of K for both optical isomers from their Table 2 . The values of dK are well 1 1 outside the standard deviation of the average K 1 values determined previously. It can be seen that not only K and K but also dK decreases monotonously 1 2 1 with increasing temperature.
Thermodynamic model for K and K 1 2
Temperature dependence of equilibrium constants is usually modeled using a free energy (DG) relationship of the form [8] :
i i
with R the gas constant (8.314 J / mol / K) and T the absolute temperature. Using basic thermodynamics, this can be rewritten using enthalpy (DH ) and entropy (DS) changes associated with the formation of the analyte-selector complex: i stated part of the capillary. This is clearly observed were also measured qualitatively in CE by Guttman for the data points at 508C, but a systematic error in et al. [11] , who observed a decrease in both resthe K -determination at lower temperatures cannot be olution and analysis time when increasing the temc excluded. However, this systematic error will be perature. largest at 508C and almost absent at 258C. The Using all data gathered, mobilities and selectivities leftmost point in both graphs (corresponding to can be calculated for any combination of parameters. 508C) is considered an outlier.
One example is shown in Fig. 5a , a contour plot of The random error of DH and DS depends, among selectivity vs. temperature and b-CD concentration others, on the number of data points used, i.e. the at pH 4.47. As expected, selectivity increases with number of different temperatures applied for the increasing b-CD concentration and decreasing temdetermination of the formation constants. Since the perature. When constructing the same contour plot K -determination at 508C is considered an outlier, for a higher pH value, for example pH 5.00, the 3D c only 3 data points are left. For obvious reasons, these surface is shifted down as far as 0.01 selectivity data points are chosen in a relatively small temperaunits, making enantioseparation virtually impossible. ture range: 298 K-323 K. Therefore, incertainties in So far there seems to be no reason to increase DH and DS are relatively high, especially for DS operating temperature above 258C, unless one takes since this parameter is obtained through extrapolainto account analysis time as well. Consider for tion. Overall, accuracy and precision can be imexample a fixed selectivity of 1.01. In order to proved by increasing the number of temperatures and visualize a constant selectivity, the information conthe number of experiments, and in insuring that the tained in the 3D plot of Fig. 5a is reduced to 2 mobilities are measured exclusively in the thermodimensions (T and Cs) in the form of a horizontal stated part of the capillary. The latter can be cross section of the 3D figure. Such a cross-section is achieved by the pressure mobilization method preshown as a dotted line in Fig. 5b . As expected, the sented by Williams et al. [12] . Values of DH and DS CD-concentration, necessary to obtain a certain were calculated, together with their standard deviaselectivity, increases strongly with increased temtions and tabulated in Table 3 . No literature data on peratures. Next we calculated the effective mobility ibuprofen were available. Our values were somewhat (Eq. 27, Ref. [4] ) of the slowest migrating isomer. higher than literature values for other analytes,
The solid line in Fig. 5b shows the migration time possibly due to the fact that ibuprofen has very high required to obtain a fixed selectivity of 1.01, applystability constants with b-CD.
ing a 300 / 370-mm coated capillary at 225 kV, Using circular dichroism spectropolarimetry, Han assuming m 50. Now it is visualized that al-EOF et al. [9] determined DH and DS for interaction though temperature increase has an adverse effect on between b-CD and 8 barbital's: values were around the amount of b-CD required, it might favor analysis 220 kJ / mol and 210 J / mol / K respectively. In a time. Temperature optimization can lead to a gain in liquid chromatography study with b-CD as chiral the speed of analyses, which might be favorable if stationary phase, Lipkowitz et al. [10] studied the the costs of the chiral selector are low (e.g. b-CD). enantioseparation of methyl mandelate. Their values
The optimum temperature is very much dependent for DH were around 230 kJ / mol, but DDS values on the required selectivity. Increasing the required were 4 J / mol / K, 10 times higher than our values for selectivity will result in a decrease in the optimum ibuprofen. Effects of temperature on chiral resolution temperature. Summarizing, when finally choosing a set of separation parameters, through method development at room temperature, it seems certainly worthwhile to subsequently try different temperatures, as illustrated in the experimental electropherograms of Fig.  6 . This is especially easy since it requires simple reprogramming of the analysis sequence in automated equipment.
Conclusions
In the presence of electroosmosis, increasing temperature leads to a shorter migration time of the EOF marker, which can be simply modeled with a spread over a larger time window. This may be favorable, except for fast anions, because they will temperature effects can be predicted by extending not reach the detector. Naturally the former only existing models. In addition, changing the temperaapplies to uncoated capillaries at positive inlet ture may sometimes be used to fine-tune separations, voltages. also in chiral CE applications. At the same time, BGE conductivity will increase by the same factor, so that one should verify if thermal dispersion plays a role. Another point of
